Increased frequency and risk of infection is one of the well described complications of sickle cell anemia (SCA). Dietary supplementation in children with SCA and growth retardation improved growth and decreased incidence of infection. We investigated the impact of a high protein diet on weight gain, hematological profile, and immune cytokine levels in the Berkeley model of SCA, 16 of which were randomized to either regular mouse diet with 20% of calories from protein (n ¼ 8) or a test feed with 35% of calories from protein (n ¼ 8). Control mice (C57BL/6, n ¼ 16) were correspondingly randomized, and were all feed ad libitum for three months with actual intake estimated by subtracting the weight of gnaw waste from that of the feed given. Blood was collected at sacrifice by cardiac puncture and plasma levels of T helper cell 1 (TH1) and TH2 associated cytokines were measured using a multiplex antibody immobilized bead assay. SCA mice receiving the 35% protein diet had modest improvements in weight, red blood cell count, and hemoglobin level, with a slight decrease in reticulocyte count compared with SCA mice on the regular mouse diet. Furthermore, they also had significantly higher plasma levels of cytokines tumor necrosis factor (TNF)-a (P ¼ 0.02), interferon (IFN)-g (P ¼ 0.01), interleukin 10 (IL-10; P ¼ 0.02), and IL-4 (P ¼ 0.02) compared with those that received the 20% protein diet. We conclude that providing additional protein calories to transgenic SCA mice increased the plasma levels of acute inflammatory cytokines associated with immune response to infection, which might partly explain decreased episodes of infection observed among supplemented children with SCA.
Introduction
Sickle cell disease (SCD) is a monogenetic disease that is associated with several phenotypes 1 including sickle cell anemia (SCA) and is complicated by an increased predisposition to infection. SCA results from a mutation in the human b-globin gene leading to the substitution of valine for glutamic acid at the 6th position of the globin chain in the hemoglobin (Hb) molecule. 2 A consequence of this mutation is formation of Hb polymers, which cause the red blood cells (RBCs) to assume a ''sickle'' shape during periods of hypoxia, acidosis, excessive stress, or dehydration. Sickle RBCs block the microcirculation, either physically or by inducing vessel injury and thrombosis, resulting in end organ ischemia and damage. 3 Patients with SCA display features of under nutrition, including inadequate growth in height, reduced lean body mass, delayed pubertal development, and decreased serum levels of micro-and macronutrients. [4] [5] [6] [7] These features occur despite the fact that there is no difference in caloric intake between individuals with SCA and normal healthy controls, suggesting that the mechanism of under nutrition in SCA might not be related to inadequate intake. 6, 8, 9 It has been reported that increased metabolic demand, possibly from increased; myocardial activity (a compensation for anemia), erythropoiesis and protein metabolism are among the factors responsible for a state of relative nutrient deficit in SCA. [10] [11] [12] Under nutrition in general is associated with poor immune function and is consequently regarded as the most common cause of immunodeficiency worldwide. 13 The frequency and type of infections observed among patients with SCA are similar to those observed for non-SCA patients with malnutrition, 14, 15 further underscoring the earlier argument associating SCA with under nutrition. Non-SCA patients with malnutrition have decreased immune function and deficient acute inflammatory cytokines, similar to those reported for SCA patients. 16, 17 Consequently, the observed deficiency in recruiting acute inflammatory proteins required for effective immune response to infections in individuals with SCA may be due in part, to under nutrition induced by the increased nutritional/caloric demands associated with SCA hypermetabolism. Additionally, the subclinical ischemic endothelial injury induced by sickle RBCs and hypoxia produce a chronic subclinical inflammatory response, 18 which may compromise the acute phase response to infection. In particular, studies show that serum from individuals with SCA displays decreased opsonic activity (the process of targeting antigens for phagocytosis/destruction by activated compliment factors), resulting in decreased compliment fixation. 19, 20 Besides, patients with SCA show decreased ability to activate the alternate complement pathway 21 required for containing infection by capsular organisms. Both processes (opsonization and activation of the alternate complement pathway) require the activity of acute inflammatory cytokines such as tumor necrosis factor (TNF)-a and interferon (IFN)-g. 16, 22 Zinc deficiency has also been well documented in individuals with SCA and, as in otherwise healthy zinc deficient controls, 23 results in decreased thymulin activity, low interleukin (IL)-2 level, low CD 4 þ /CD 8 þ T-cell ratio, and deceased expression of IFN-g and TNF-a. [24] [25] [26] Zinc supplementation resulted in improved peripheral levels of IFN-g (required for major histocompatibility complex (MHC) class I antigen expression) and promotion of the initial acute inflammatory response needed for mounting a defense against microbial infection. 27 Zinc supplementation also resulted in decreased frequency of hospitalization and infection among individuals with SCD. 28, 29 Heyman et al., 6 demonstrated that providing children with SCA and growth retardation with additional calories/protein supplements by nasogastric (NG) intubation or as oral nightly formulas for at least six weeks led to significant improvement in growth rates, reduced pain episodes, and decreased frequency of infection in the NG tube group; the group receiving oral supplement only had decreased episodes of pain and infection compared with SCA controls who showed no improvement in these clinical parameters after receiving only vitamin and mineral supplements. The mechanism by which additional calories could result in decreased frequency of infection in individuals with SCA is still not well documented.
More recently, our laboratory has demonstrated that sickle mice fed a high protein diet (35% of calories from protein) experienced improved weight gain compared with those maintained on a normal mouse diet supplying 20% of calories from protein. 30, 31 Furthermore, malnourished mice have been shown to have decreased expression of Toll-like receptor 4 (TLR-4), which along with TNF-a mediates the acute inflammatory response to infection. In addition, malnourished mice show decreased expression of TNF-a compared with controls. 16, 32 With this information in mind, we hypothesized that SCA mice fed with a high protein diet (35% calories from protein) would show increased plasma levels of T helper cell 1 (TH1) and consequently TH2 associated cytokines, compared with controls. We tested this hypothesis by using a longitudinal cross sectional study with transgenic SCA mice expressing exclusively human sickle Hb. 33 
Methods

Transgenic mice
Based on prior data, it was determined that a sample size of eight mice per group would be needed to achieve a power of 0.8, at an alpha of 0.05 with a 95% confidence interval. The Berkeley transgenic sickle cell mice (of mixed genetic background) had been determined by prior studies to very closely replicate human SCA and its complications 34 and was the model used in this study, with C57BL/6 mice as controls. A total of 32 weanling mice (16 C57BL/6 and 16 transgenic sickle cell-SCA, $4 weeks old) were randomly allocated to one of four groups, to receive either the 20% protein standard mouse diet or a 35% protein enriched diet (Purina Feeds LLC, St. Louis, MO). These are iso-caloric diets providing either 20% or 35% of calories as protein by adjusting the dextrin concentration. 30 Hence, eight C57BL/6 or control mice were randomized to the 20% protein diet and were labeled C20 and 8-35% protein (C35). Similarly, SCA mice were randomized to either the 20% (S20, n ¼ 8) or 35% protein diet (S35, n ¼ 8). All mice were fed for three months following one week of adaptation to the diet and housing environment. A re-designed metabolic cage, which allows for use of bedding, required for preventing exposure of the mice to hypothermia and more accurate measurement of the feed consumed than conventional metabolic cages was used for this experiment. The cage design permitted collection and subtraction of the gnaw waste from the total feed weight provided to the mice in each cage. All procedures were approved by the Institutional Animal Care and Research Committees of Emory University and Morehouse School of Medicine, which reviewed the protocol.
Procedure
Daily food intake per cage was used to approximate the average daily food intake per mouse per week in the same cage. Concurrent weekly individual body weights were utilized to compute rates of weight gain 30 over the three-month feeding period. The total weight gained was then divided by the total time of feeding and the total feed consumed to yield the weight gained per gram of feed consumed per day, or rate of weight gain (ROWG). Near the end of the study period (usually 3 days prior), blood was taken either via the central tail vein or by retro-orbital sampling, for complete blood count (CBC) using Hema True Õ veterinary hematology analyzer (Heska Inc., Loveland, CO) and reticulocyte count/ percent using flow cytometry. The mice were sacrificed for specimen collection by isoflurane anesthesia and cervical dislocation. Blood samples were collected via cardiac puncture into sodium EDTA tubes and the plasma was immediately separated by centrifugation at 4 C. The plasma was divided into 100 mL aliquots and stored at À80 C until analyzed for TH1 (IFN-g, TNF-a, IL-1b, IL-6, and IL-13) and TH2 (IL-4 and IL-10) associated cytokines, which were paneled and assayed alongside chemokine IP10/CXCL10 and growth factors granulocyte-macrophage colonystimulating factor (GMCSF) and vascular endothelial growth factor (VEGF), using multiplex antibody immobilized beads (Millipore Corp, Billerica, MA). The fluorescent intensity and concentration of the cytokines were determined by a Bioplex system (Bio-Rad, Hercules, CA), using 5PL interpolated logistic curve generated using manufacturer supplied standards. Food intake per mouse was used to standardize the plasma values for the cytokines.
Data analysis
Data analysis was carried out using GraphPad Prism v5 and SPSS v20 for Windows Õ . The differences in mean ROWG, hematological parameters, and plasma cytokine levels between groups were evaluated using ANOVA. The cytokine levels were standardized using the amount of feed consumed to adjust for variation in cytokine level attributable to difference in amount of feed consumed. Pearson correlation was used to test for association between plasma cytokine level and ROWG. Results were expressed in tables as means AE SD in tables, with a P value < 0.05 considered statistically significant.
Results
Weight gain
On average, S35 had improved weight gain per gram of feed consumed per day (ROWG) compared with S20, C35, and C20 but this result was not statistically significant, P > 0.05 ( Table 1 ). The S35 showed an average of 43.9% improvement in ROWG over the period of feeding, compared with S20. As expected the weight gain for the C35 group was less than for the C20 group, because the high protein diet is metabolically toxic or burdensome for control mice, 30 but this difference was not statisitically signficant.
Hematology
As expected, the C20 and C35 mice had significantly higher RBC count and Hb levels compared with the S20 and S35 (Table 1) . Conversely, both white blood cell (WBC) count and reticulocyte percentage were significantly higher for S mice than C mice (P < 0.05). The S35 had a slightly higher mean RBC count than the S20 (P ¼ 0.09) and a slightly higher mean Hb level compared with S20 (P ¼ 0.09). Also, S35 had a slightly higher mean WBC count (P ¼ 0.08) but a slightly lower mean reticulocyte percent (P ¼ 0.08) than the S20 (Table 1) .
Plasma cytokines
In general, S35 had significantly higher levels of both TH1 and TH2 linked cytokines and chemokine compared with S20. As shown in Table 2 , plasma TNF-a level was significantly higher for S35 compared with S20 (P ¼ 0.02), C35 (P ¼ 0.04), and C20 (P < 0.01). Similarly, plasma IFN-g level was significantly higher among S35 compared with S20 (P ¼ 0.01) and C20 (P < 0.01). Following the same pattern, the average plasma level for IL-10 was significantly higher among the S35 compared with S20 (P ¼ 0.02), C20 (P < 0.01), and C35 (P < 0.01). The mean plasma IL-4 level was also significantly higher among the S35 compared with S20 (P ¼ 0.01), as was the mean plasma GMCSF level (P ¼ 0.03).
Correlations
Significant negative correlation was obtained for the C35 mice between ROWG and serum IL-6 levels (r ¼ À0.77, P ¼ 0.04), whereas IFN-g levels tended to be negatively correlated with ROWG (r ¼ À0.74, P ¼ 0.05). In contrast for the S20 mice, ROWG tended to be positively correlated with plasma levels of IFN-g (r ¼ 0.67, P ¼ 0.08), IL-4 (r ¼ 0.68, P ¼ 0.06) and VEGF (r ¼ 0.66, P ¼ 0.09). However, significant positive correlation was obtained in S35 mice between ROWG and serum VEGF levels (r ¼ 0.82, P ¼ 0.03).
Discussion
It is well known that laboratory mice have optimal growth when fed 20% of energy from protein and standard rodent chow has approximately this composition. 35 However, in a previous study, we demonstrated that S mice, which tend to be smaller and have a slower ROWG on standard rodent chow than age matched controls, required more calories from protein and gained weight faster than the controls when fed 35% of energy from protein, 30 see Table 1 . Additionally, in this study, we demonstrated that the high protein/energy diet (35%) was associated with increased plasma levels of markers of acute inflammatory response, and may be optimal for SCA mice. Our current study provides insight into a possible mechanism by which the comprehensive approach to dietary supplementation by Heyman et al., 6 resulted in decreased incidence of infection among individuals with SCA, in that the additional nutrient supply may have provided the needed substrate for mounting a sufficient innate immune response to provide immediate defense against infection. Although not statistically significant, our findings concur with the previous report of improvement in weight gain 30 in transgenic sickle mice maintained on a 35% protein diet.
Most therapy for the management of SCA and preventing complications are targeted towards improvement in the hematological profile (Hb level) of the patients, which has been associated with decreased risk of SCA complications such as stroke and frequent infection. 36 Our data in Table 1 show that there was an improvement in the RBC count for S35 compared with S20 (P ¼ 0.09). Although this improvement was not statistically significant, it shows a trend, indicating that the 35% test diet may be associated with prolongation of RBC survival. Additionally, in the management of SCA, the aim is for a modest improvement in hematological parameters like RBC count or Hb level because of the negative consequences (e.g. stroke and heart failure) of a drastic increase in these parameters. There was also a slightly decreased reticulocyte percentage for S35 compared with S20 (Table 1) , which is expected, supporting the slight increase in RBC count, and implies a decrease in hemolysis in S35 compared with S20 and consequent reduced rate of erythropoiesis and reticulocyte percent as demonstrated here (Table 1) . Increased reticulocyte percentage is a response to increased hemolysis, which is a cardinal feature of SCA. There was also a slight increase in Hb level for S35 compared with S20, further strengthening the observation of a higher RBC count for S35 compared with S20. As expected, the S mice had higher WBC count compared with C mice. But additionally, the S35 had a slightly higher WBC count than the S20 (P ¼ 0.08). This difference may be related to improved proliferation in response to increased cytokine levels (IFN-g is associated with proliferation and maturation of WBCs). Although individuals with SCA have a higher baseline WBC count, there is evidence suggesting that the cells are not fully functional. 37 More research is needed to confirm the definite mechanism of the slight increase in the WBC count among S35 over S20, and also their level of functionality in immune response.
Prior studies have suggested a defective acute inflammatory response to infection among individuals with SCA. [38] [39] [40] [41] Furthermore, it is well established that children with SCA are in a state of under nutrition not due to inadequate dietary intake, but due to increased metabolic demand for nutrients. 7 The results of this present study show increased plasma levels of TNF-a and IFN-g, both cytokines are involved in the acute inflammatory response required for resisting and eliminating infection. [42] [43] [44] Wild type mice maintained on a low protein diet showed decreased expression of TLR-4 and lymphocyte antigen 96 also known as MD-2, 16 both of which along with CD-14 were found to be involved with stimulating the expression of TNF-a, [42] [43] [44] These malnourished mice also had a decreased expression of TNF-a and other inflammatory cytokines involved in the acute inflammatory reaction to infection or infectious material. 16 In this present study, plasma IFN-g level was significantly higher for S35 mice compared with the other groups. Messenger ribonucleic acid (mRNA) expression of this cytokine is reportedly low among under nourished individuals and those with protein energy malnutrition. 17 The low steady state plasma level of this cytokine is still debatable, given the prevalence of zinc deficiency among individuals with SCA, 25 and the relationship between zinc and the expression of this cytokine. However, some studies have documented elevated plasma levels of IFN-g at steady state, but not during crisis. 45 IFN-g plays a key role in the regulation of immune cells and also increased expression of TNF-a. 22, 46 Despite the potential immunologic benefit of elevated TNF-a, it has been demonstrated to be associated with endothelial activation in the context of atherosclerosis. 47 This activity, if it occurs in SCD patients could potentially precipitate or potentiate a vaso-occlusive episode. In addition, it stimulates increased expression of IL-4. 22 Our data have revealed both elevated IL-4 and IFN-g levels for the S35 mice, which concurs with previous findings and the reported relationship between these cytokines. Further studies are needed to elucidate the implication(s) of this Table 2 Comparison of plasma level of cytokines per gram of feed consumed per day by type of feed and mouse phenotype a Group TNF-a (Â10 À4 pg/mL/g feed À1 ) IFN-c (Â10 À4 pg/mL/g feed À1 ) IL-10 (Â10 À4 pg/mL/g feed À1 ) IL-4 (Â10 À4 pg/mL/g feed À1 ) GMCSF (Â10 À4 pg/mL/g feed À1 ) finding. IL-10 levels are usually elevated among individuals with SCA compared with non-SCA, 48 and our finding of higher IL-10 levels in the SCA mice compared with controls is in accord. In addition, S35 had significantly elevated IL-10 levels compared with all the other groups ( Table 2) . IL-10 is known to play an anti-inflammatory role in certain situations 49, 50 and we reasoned that its elevation in the S35 compared with S20 mice might be a response to the elevated levels of TNF-a and IFN-g, made possible by additional substrate availability for protein synthesis via more calories from protein in the diet. The negative correlation between IL-6 and ROWG in the C35 mice is not entirely surprising -as these animals continue only limited weight gain during the excessive protein intake, 51 Table 1 . High levels of IL-6, a proinflammatory cytokine, are generally associated with muscle wasting, and might in part explain the observed negative correlation with ROWG. 42 The significant correlation between ROWG and plasma VEGF level among S35, with an additional significantly higher level of GMCSF among S35 compared with S20 might be a reflection of the higher RBC/lower reticulocyte count and higher WBC count respectively. Both molecules are involved in the maintenance of angiogenesis, improvement in tissue oxygen supply via the NO pathway (VEGF) and improvement in immunity via leukocyte proliferation (GMCSF). [52] [53] [54] In a separate study, we have shown that 35% diet resulted in significant improvement in lean body mass (submitted). This might explain in part, the correlation observed among the S35, since VEGF is also associated with improvement in muscle oxygen supply via new vessel formation. 52 Further studies are needed to confirm the findings of this study regarding improvement in immunologic activity due to micro-and macronutrient dietary supplementation in SCA.
Conclusion
A high protein diet gleaned modest improvements in weight gain, RBC count, Hb level, and a decreased reticulocyte percent in Berkeley SCA mouse model. Furthermore, the high protein diet was associated with a significantly higher plasma level of TH1 (TNF-a and IFN-g) and TH2 (IL-4 and IL-10) associated cytokines, essential for containing and eliminating infections. Based on these results, we concluded that decreased infectious episodes reported for individuals with SCA receiving additional protein/calorie supplementation, may have resulted from increased expression of protein mediators (cytokines, chemokines, and growth factors) of the acute inflammatory response to infection, because of additional substrate availability derived from the supplement, for synthesis of these acute phase proteins.
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